Abstract Real accuracy of several regime relationships for designing stable alluvial channels in Egypt was determined. Extensive field measurements had been carried out on 26 Egyptian stable canals, which cover various categories of irrigation canals starting from distributary, branch to carrier canals in Egypt. Analysis of 1484 velocity profiles for 371 cross sections was employed in order to formulate new regime equations characterizing Egyptian canals. The functional formulations to include the flow depth, cross section area, hydraulic radius and mean velocity were achieved. This research compared the deduced formulas from the measured data with the equations derived by other researchers for stable channel design. It was found that the derived formulas are reliable and could help in the design of Egyptian canals to convey a discharge ranging from 0.11 to 287.5 m 
Introduction
Networks of canals systems are used to convey, distribute and deliver water for different uses. Vast majority of canals all over the world are earthen canal. Open channels are normally designed to safely convey the design rate of flow and to be operated with low maintenance costs. The criteria for designing stable channels are that the entering sediment is kept in suspension; the flow velocity should not be higher than the critical value which could erode the bed or bank materials, and should not be low to allow the suspended sediment particles to settle along the channel bed. This in other words means that the channel is in a regime when the rate of the entering sediment equates to out. The regime theory was initiated by British Engineers involved in the design and construction of irrigation sand-silt canals in India [1] [2] [3] [4] [5] , etc. This method was based on collecting comprehensive field data for the geometrical and flow parameters of stable channels. Data were then analyzed to formulate a set of equations that correlate flow and channel geometrical parameters.
Abdel-Aal [6] reviewed the design of stable alluvial channels and he concluded that Simons and Albertson's method is the most applicable one that gave values close to his studied canals.
A sound background can be found in the literature for designing the Egyptian canals in regime after the construction of the Aswan High Dam (AHD) e.g. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Bakry and Khattab [13] deduced the following empirical equation for the mean velocity as follows:
where V is the mean flow velocity (m/s), d s is the particle diameter (mm) and K is a coefficient depending on the channel bed material, and Bakry [10] proposed the following formula:
in which R is the hydraulic radius (m) and S is the longitudinal bed slope (m/m). Khattab et al. [11] analyzed data of 23 stable earthen canals in Egypt, and developed the following equations: 
The previously derived formulas [14] are very close to Eqs. (3b)-(5b) that are presented by [11] . This is not surprising because Khattab et al. [14] collected their data from the same cross-sections and from the same canals. But there is discrepancy in the mean flow velocity equation; this is due to velocity variations across the selected sections during the period of measurement.
Ali [15] used the method of synthesis of dimensional analysis and field data collected from the Ministry of Water Resources and Irrigation (MWRI) in Egypt to develop the following relationships in SI units: 
Mohamed [18] applied the artificial neural networks (ANNs) method to estimate the main parameters which are used in the design of stable alluvial channels by comparing the previously deduced formulas. Also, he concluded that the regime equations for earthen canals in Egypt need more investigations to refine their practical use.
All the above investigations of Egyptian canals in regime after the construction of the AHD showed that their used data were recorded until 1995. Moreover their collected bed material samples were just used for classifying the bed and/or bank of each canal. The collected bed materials do not incorporate in their formulas. After a flood season of 1998/1999, the flow rate of Egyptian canals was increased and this may change the regime of these canals.
It is also appeared that, most of the previous regime equations considered the discharge as the only parameter in the estimation of the flow depth, cross section area, hydraulic radius, longitudinal water surface slope and the mean flow velocity of stable canals. This is in conflict with the fact that canals with weak bed/banks tend to be wider than those with strong bed/banks for the same discharge.
The objective of this study was to verify the real performance of the aforementioned design equations in terms of accuracy and reliability especially after a flood season of 1998/1999, focusing mainly on the analysis and comparison of these formulas with measured data. Using more than 371 data sets of cross-sectional profiles that were recently measured (the period between 2007 and 2013) and taking into account the soil material sizes, new equations will be proposed for designing stable canals in Egypt. For each of the 371 cross sections, three to eight velocity profiles were measured (depending on the shape of the cross section), and three point velocity measurements were carried out for each velocity profile. Therefore, in total, about 2968 point velocities were measured. These velocity profiles were applied to accurately determine flow discharge at a specified canal section. For each cross section, the depth of water was measured using Echo sounder instrument that installed on a rubber boat and attached to a Global Positioning System (GPS) unit, (for position measurements) and then the top width was recorded. The top width was split into 3-8 parts (verticals) to indicate the place of velocity profiles. The point velocities were measured in the vertical direction from the bed to the water surface by using a Propeller current meter with horizontal axis to consider the unevenness of the bed. In order to calculate the mean velocity and the flow discharge, point velocity measurements were used and the velocity-area method was applied. The longitudinal water surface slope was measured by surveying along the central axis of the canal in selected stable reaches. Accordingly, in each reach, two cross sections were selected and water surface was marked in both cross sections. Then, the water slope was determined by dividing the difference in water surface elevations by the distance between the two cross sections. A Van-Veen grab sampler was used to collect 3 soil material samples at the same locations of each velocity cross section (one sample for bed and two samples for banks). The bed samples were analyzed to provide the grain sizes of soil materials. 
Material and methods

Field measurements
Data analysis
Based on a preliminary analysis of the measured data by using velocity variations across the selected sections during the period of measurement, it should be pointed out that observations in the selected canal reaches during different seasons revealed that the sections were generally stable. The data sets of field measurements (water depth, water slope, velocity, and median particle size) were analyzed and the inaccurate measurements were excluded. Analysis of field data, in this case, produced errors not higher than ±1%. Each measured cross section was plotted on AutoCAD software in order to determine the cross-sectional area, A, wetted perimeter, P, bed width, b, and the top width, W. The average flow depth of each cross section was obtained as d = (A/W), [19] . Table 2 shows the range of geometric and hydraulic data sets measured for considered Egyptian canals.
Results and discussions
Updating of regime formulas
The statistical software package (SPSS) was used to derive stepwise multiple regression equations using 371 sets of field measurements, while a nonlinear regression analysis was performed to express depth, area, hydraulic radius, longitudinal water slope and mean velocity as a power function of the flow discharge Q, and median grain size d 50 . The derived equations 
where d is the average flow depth (m), Q is the discharge (m 3 / s), d 50 is the median particle size (mm), R is the hydraulic radius (m), S is the channel slope (cm/km), and V is the mean flow velocity (m/s).
By close inspection of the foregoing deduced equations, Eqs. (22)- (24), the bed material size has weak exponents in case of estimation of the depth, cross-sectional area, and hydraulic radius. This means that the flow discharge is the dominant variable in the determination of geometrical parameters at regime method for stable Egyptian canals. However, the grain size is effective parameter in calculating the slope and the mean velocity Eqs. (25) and (26). These findings agree well with the results of Afzalimehrm et al. [19] .
The coefficients of determination, R 2 for these equations are relatively high between 88% and 97% of the variance in the dependent variable being explained by the variance in the independent variables. The comparisons between the measured depth; cross-sectional area; hydraulic radius; slope; the mean velocity; and those computed by Eqs. (22)- (26) are depicted in Figs. 1-5 . Plots also show the line of perfect agreement and ±10% lines.
Comparison of existing equations
Comparison between the developed and existing equations is essential in order to test the updated equations and to identify the effect of the bed material samples on the values of the exponents in the regression equations. Figs. 6-10 show the comparison of the foregoing equations that reported in the literature with the derived equations. The comparison revealed that the calculated water depth from the derived formula for low and high values of discharge was close to El-Alfy [17] (b). The calculated cross-sectional area was close to Khattab et al. [11] (a). The comparison showed that the calculated hydraulic radius using the derived formula for low values and high values of discharge was close to Khattab et al. [11] (a), and Khattab et al. [14] , respectively. The comparison revealed that the calculated mean flow velocity from the derived formulae was close to Khattab et al. [14] .
Other formulas were either overestimated or underestimated comparing to those measured. This implies that the Figure 6 Relation between average water depth and discharge.
Equations for Egyptian canalsexisting equations exclude the effect of soil material parameter and other formulas were derived for the canals with different hydraulic characteristics.
Eq. (25) shows that the flow rate is not an effective parameter in the prediction of the slope and the grain size is controlling parameter in the slope and velocity equations, Figs. 9 and 10. This is due to the fact that velocity distribution does not depend on the flow depth variation [20] . For this reason when there is no bed form, the upstream of channel condition can be represented by the grain size. This may clarify why the exponent of discharge in slope equation (Eq. (25)) is small. This justification is valid for sandy loam bed canals where sediment particles transport near the bed. This study shows that when using the flow discharge as input variable to estimate slope, due to small discharge exponent, this variable is not the dominant variable for slope computation.
Verification of the developed formulas
Throughout the following section, independent data for stable cross sections in Egypt enable the predictive capability of the aforementioned equations to be compared with those developed in this paper. To design a stable channel (El-Bohiaa Canal at Mit Ghamr, south Ad-Daqahliyah, Egypt) to carry a discharge of 18.78 m 3 /s, the median size sediment is 0.134 mm, and the measured longitudinal water surface slope is 3.33 cm/km. The comparisons between the actual canal and those calculated by the aforementioned formulas Table 3 . Also the percentage relative errors associated with each equation were calculated and are presented in Table 3 . The associated errors when using the current developed formulas for depth, area, hydraulic radius, slope and mean velocity were 10.42, 7.38, 2.6, 2.1 and 1.90%, respectively. The proposed equations presented in this paper give practical design procedures in terms of accuracy and reliability for the Egyptian stable canals after the construction of the AHD, and these formulas should be used with caution to the limitation of the considered data.
Conclusions
The attainable results from the Field and statistical study for the design of stable canal in Egypt were presented and the following conclusions are drawn:
Updated regime formulas presented in this paper give practical and acceptable design procedures for the Egyptian stable canals for a discharge ranging from 0.11 to 287.5 m 3 /s. Computed geometrical and flow parameters using the derived formulas are close to those calculated by some existing equations for the same values of discharge and the same soil type. When regime method is applied to design stable channels, discharge is not the only controlling variable for the prediction of channel slope and mean flow velocity. Sediment grain size parameter should be incorporated in design equations of the channel slope and velocity of hydraulic geometry of stable canals. Independent data of El-Bohiaa Canal in Egypt, benchmarked the predictive capability of the developed formulas. The equations developed in this paper provide an improvement of those developed by other investigators.
These results could be of benefit in the hydraulic design of stable Egyptian canals.
